• Four-week precipitation and evapotranspiration explain much of drained peatland water table depth variation during a growing season.
Introduction
About 10 M ha of boreal peatlands have been drained for timber production in the Nordic and Baltic countries (Päivänen and Hånell 2012) . In a majority of the drained area tree growth has responded to drainage and has resulted in harvestable growing stock on previously treeless or poorly forested peatlands. There is, however, a problem in the utilization of the timber resources in the drained sites. The generally poor bearing capacity of peat makes harvest conditions more demanding than those in the upland sites (Uusitalo and Ala-Ilomäki 2013) . Due to the poor support of peat for harvesting machines, peatland harvesting has been traditionally done in seasons when the soil is frozen to prevent machines from sinking. From the point of view of uninterrupted wood procurement, year-round timber harvesting should be possible also on peatland sites instead of being limited to a short period of frozen soil (Uusitalo and Ala-Ilomäki 2013; Uusitalo et al. 2015) . Furthermore, owing to the warming climate frozen soil conditions in winter months occur for shorter periods than previously. Thus, the bearing capacity of peat soils and the factors influencing the bearing capacity have been the target of several recent wood procurement studies (e.g. Nugent et al. 2003; Zeleke et al. 2007; Ala-Ilomäki et al. 2011; Uusitalo and Ala-Ilomäki 2013) .
In drained peatland sites the bearing capacity is most importantly linked to tree stand volume because volume is connected to the amount of roots in the upper peat layer, which form the supporting structure in the top soil layer (Uusitalo and Ala-Ilomäki 2013) . Of the several other factors affecting the peat bearing capacity, one is peat water content. According to Amarjan (1972) shear strength of peat is controlled by moisture content and decomposition rate of peat. However, the role of moisture content in the models predicting bearing capacity of peat is in many cases difficult to prove since moisture content is heavily dependent on tree stand volume (Uusitalo and Ala-Ilomäki 2013).
Because peatland water table level correlates with water content of the topmost peat layer (Heikurainen et al. 1964 ), water table is commonly used as an indicator of peat soil water content. It is well established that during the frost-free period in a drained boreal peatland the water table is high in spring due to the abundance of meltwater. From early summer to late summer the water table shows a lowering trend and a rise again in fall (Vompersky and Sirin 1997; Ahti and Hökkä 2006) . Around the lowering trend, there is significant variability depending on the occurrence, strength, and duration of precipitation and droughts during the growing season (e.g., Jutras et al. 2006a; Amatya et al. 2006; Hökkä et al. 2013) .
Concerning peatland harvesting areas, the prevailing soil water table level can be measured in the field manually, but it normally demands preparatory instrumentation to be reliable. Instead of measuring the water table depth in situ, a more suitable approach would be to predict the water table depth with a model. As an example, in the hydrologic model DRAINMOD detailed weather data in combination with information on drainage, topography, soil hydrological parameters, and vegetation parameters are used as input variables to simulate hourly or daily hydrology of a Loblolly pine (Pinus taeda L.) stand , including WTD (Amatya and Skaggs 2001; Tian et al. 2012) . While detailed information on these variables may not always be available, a similar type of model based on the correlation between weather conditions and the water table depth in the soil (e.g., Mannerkoski et al. 2005) could be a useful tool in peatland forestry. In a case study by Hökkä et al. (2013) precipitation and potential evapotranspiration (cumulative and during the previous month) were found to be variables significantly explaining WTD variation during a growing season. If it turns out that variables describing weather conditions can be used as predictors of water table depth in a model, the model predictions could be utilized in finding periods when the peat soil water table is deeply below the soil surface and the machine sinking risk is minimized. Such a model would be useful also for other purposes where WTD is important to know, e.g., in peatland restoration studies (Laine et al. 2011) and in the estimation of the annual CO 2 flux from peatlands, which is partly controlled by WTD (Ojanen et al. 2010) .
The aim of this study was to find out if weather parameters representing periods of varying length can be used as explanatory variables in an empirical model to predict soil water conditions, here the water table depth, in a drained forested peatland. The data came from four drained peatlands and covered water table observations from two growing seasons.
Materials
The data for this study were collected from south-western Finland (Fig. 1) . In four drained peatland study sites, two study transects were established perpendicular to the ditch across a drainage strip. Five temporary sample plots were established on each transect at distances of five metres (Fig. 1) , except on transect 3 in peatland number 2, where 15 sample plots were established. In the midpoint of the sample plot, a 0.8 metre long perforated water table tube with an inner diameter of 33 mm was inserted into the peat in spring 2014 for monitoring the water table depth (WTD). The tubes were made of PVC plastic and installed with five mm holes along a 0.7 m length starting from the lower end, which was closed by a plastic sheet. Water table depth was monitored manually from the tubes altogether four times in summer 2014 and three times in summer 2015 with the accuracy of one centimetre. The manual measurements were conducted with a plastic stick having a centimetre scale and an electronic buzzer to indicate contact with water.
Using the tube as the centre point, a three-meter radius circular tree sample plot was established. Locations (direction and distance) and diameters at breast height were recorded from each tree with a diameter exceeding four centimetres at breast height (1.3 m). Sample trees (altogether 156 in the whole data set) representing the diameter range were selected from the tally trees (243 in Fig. 1 . Location of the studied drained peatland forests and an example of the principle for the set-up of the study transects and sample plots within transects in Talasneva. the whole data set) and measured for height to calculate stand volume, basal area and mean height of the sample plot ( Table 1 ). The tree stands were predominantly Scots pine (Pinus sylvestris L.) and included Norway spruce (Picea abies (L.) Karst.) and pubescent birch (Betula pubescens Erhr.) at volumes of 90%, 3% and 7% of volume, respectively. Stand characteristics for each sample plot were calculated using the KPL software developed at the Finnish Forest Research Institute (Metla) (Heinonen 1994) . Due to the low number of sample trees per plot, all sample trees of the same transect were utilized to calculate sample plot characteristics. Stand characteristics were used to describe the evapotranspiration (canopy interception and transpiration) potential of the tree stand in each plot.
The study sites represented a range of drained peatland site types varying from a poor bog to productive drained pine fen, i.e., from VatkgII to MtkgII, following the classification of Laine et al. (2012) (Table 1) . Ditch spacing varied from 30 to 40 metres. The shortest distance from the sample plot centre to the nearest ditch was also measured except on line 3 in peatland number 2, where the distance calculation was GIS-based. The elevation of the plot center point was determined from a digital elevation model with 0.3 metre accuracy (the National Land Survey of Finland elevation model 2 m, loaded in 1/2016). Peat thickness at the center of the sample plot was measured down to five metres with 0.1 metre accuracy.
Based on previous work of Hökkä et al. (2013) , we chose precipitation and evapotranspiration as the variables of interest in this study. The local weather variables were obtained from the records of the Finnish Meteorological Institute's meteorological field stations located nearest to each study site. Since evapotranspiration (ET) is determined in only a few measurement locations, all study sites in these data had the same ET values, measured in Jyväskylä (120 km northeast from the study sites) with the Class A pan method. Precipitation (P) slightly varied from one site to another, because the nearest meteorological station measuring precipitation was not always the same for all sites. The evapotranspiration data are from the Finnish Environment Institute's hydrological observation's database which is freely available.
Cumulative values were calculated for precipitation and evapotranspiration using varying time periods preceding the water table measurement date. The time periods were: one day, three days, five days, ten days, two weeks, three weeks, four weeks, and a cumulative value along all the measurement dates of each year (Table 2 ). In general, the growing season 2014 was dry and hot while 2015 was cool and wet. 
Methods
To account for the hierarchical structure of the data with sample plots nested with transects and transects nested with sites, the analysis was carried out by means of linear mixed model method (McCulloch and Searle 2001) . This enabled unbiased tests for the effects originating from different levels of hierarchy. Water table depth (WTD) was used as the response variable in the analysis. The following model with fixed and random parts was used to model the variability of WTD:
where WTD kjit = water table depth in sample plot i in transect j in site k at measurement time t b 0 = model intercept b 1,n = vector of fixed coefficients for explanatory variables X 1,n = vector of potential explanatory variables (related to weather, stand, ditching) v k = random effect of site k f k,y = random crossed effect of year y in site k u kj = random effect of transect j in site k s kji = random effect of plot i in transect j in site k e kjit = random residual error In the random part, variances related to different levels of hierarchy (study site -transect -sample plot -measurement date) were defined. Additionally, WTD may not behave in a similar manner every year in all of the studied peatlands -this was accounted for with a random crossed effect among sites and monitoring years. For the covariance structure of the successive WTD measurements, constant correlation was assumed because the length of measurement intervals was highly variable. The WTD was normally distributed so there was no need to make any transformations. In addition to weather variables, distance to ditch and stand volume or basal area with varying radius (2 and 3 m) were tested as potential explanatory variables based on findings by Haahti et al. (2012) . Stand characteristics and ditch distance described the stand water use potential and site drainage conditions, respectively (c.f. Amatya and Skaggs 2001) . The weather parameters covering periods of different length were tested as main effects and interactions with other explanatory variables. As a point of comparison, a null model with intercept only in the fixed part was also estimated.
Models fixed and random parameters were estimated simultaneously using the restricted maximum likelihood method (RELM) as implemented in the lmer function in the lme4 package (e.g., Doran et al. 2007 ) of the R software (R Core Team 2015). The model evaluation criteria were based on logical behavior of the models response with respect to the values of the explanatory variables and analysis of models residuals. The inclusion of random parameters and selection of the final model was based on the likelihood ratio test after refitting the candidate models with maximum likelihood (ML) by the anova-function in R (Baayen et al. 2008 ).
Results
In the final model two weather parameters were included. Higher P of the previous four week period was shown as significantly smaller WTD values ( Table 2 ). The effect of four-week ET was interacting with the Julian day (DOY, the date of the measurement) showing greater effect in late summer. Also the effect of stand volume within the three metre radius was more significant in late summer (volume*DOY interaction). Increasing distance from ditch showed up as smaller WTD values. The most important explanatory variable was precipitation of a four week period.
Variables included in the models fixed part considerably reduced the variation of the null model (Table 3) at site, sample plot, and residual error level. Compared to the null model, the highest reduction in variance was at the sample plot level while the variance between transects slightly increased. The unexplained random variation of the final model among the study sites was of similar magnitude as the residual variation. Variation between transects was one-fourth of that among the sites and among the sample plots within transects one-tenth of that between the study lines. The random crossed effect of site and year was significant in both models indicating that in years 2014 and 2015 WTD behaved differently among the study sites.
Model validation
The model showed rather good agreement with the modelling data when predicting the average water table depths at the observation time points (Fig. 2) . There is no trend in the bias in either year. The largest bias (2.4 cm too deep WTD) was observed on DOY 205 in 2014 and significantly deviated from 0. The bias in different sites varied quite a lot, but was also rather well accounted for by the model (Fig. 3) . There was some inaccuracy in early and late summer in all sites, but no trend in any site. DDist = distance to nearest ditch, m Vol = Volume of the sample plot with 3 m radius, m 3 ha -1 DOY = Julian day ET4w = four-week evapotranspiration, mm P4w = four-week precipitation, mm
Discussion
The rather limited amount of data, especially the number of water table observations along the growing season did not permit very detailed modelling of WTD variability. In sparse datasets the dependences may not become uncovered. A good point was that due to very different growing seasons in 2014 and 2015, wide ranges in WTD and weather conditions were included. However, to avoid misinterpretations the model was kept very simple. The results revealed the potential of weather parameters to predict drained peatland water table depth variations during the growing season. The weather variables used in the model influenced WTD in a logical manner. Higher fourweek precipitation raised water table towards the soil surface, which is consistent with results obtained in many previous studies (e.g., Koivusalo et al. 2000; Mannerkoski et al. 2005) . The effect of four-week ET on WTD was related to Julian day: the influence was clearer in late summer than in early summer. This is probably related to the fact that in early summer there is a lot of water stored in the soil due to spring snow-melt. This water storage is mainly reduced by run-off, while in late summer vegetation ET may take a bigger role in controlling the water storage. Hökkä et al. (2013) also found that the effect of four-week evapotranspiration and precipitation were significant in explaining variation of WTD. They also found that cumulative P and ET were significant, contrary to results of this study. In this study ET and P calculated for shorter periods than one month were also tested but found to be non-significant.
Increasing distance to the nearest ditch significantly raised the WTD, which has also been observed in numerous previous studies (e.g., Päivänen 1974; Jutras and Plamondon 2005; Haahti et al. 2012) , and is related to the more effective drainage near the ditch (Skaggs et al. 2008) . Haahti et al. (2012) and Hökkä et al. (2013) found that surface elevation was one of the most important factors affecting the WTD. In this study such effect was found to be non-significant. This was probably due to the fact that in both of the abovementioned studies the elevation differences in the data were generated by a gentle slope over the whole study area, while in the data of this study the elevation differences were more or less random deviations from the mean elevation of each study site. Differences in WTD due to varying surface elevation may not become evident in such a situation. Further, the values of surface elevation were less accurate (+0.3 m) in this study. Haahti et al. (2012) pointed out that especially in dry growing seasons peatland forest stand water use (combined effect of canopy interception and transpiration) as reflected by stand basal area significantly influence the WTD. Stand volume (or basal area) is tightly correlated with the amount of stand biomass (Lehtonen et al. 2004) and biomass, in turn, is correlated with leaf area index (LAI) (Majasalmi et al. 2013) , thus reflecting the water use potential of the stand. Here we assumed stand volume as a surrogate for LAI which is commonly used in hydrologic models to describe the effect of canopy interception and evapotranspiration on forest hydrology (e.g. Amatya and Skaggs 2001) . The interaction between WTD and stand water use in peatland sites has been shown also in several earlier studies (Penner et al. 1995; Jutras et al. 2006b; Hökkä et al. 2008; Sarkkola et al. 2010) . In these data the effect of the tree volume was more significant in late summer, i.e., when the water table was deeper below the soil surface, which is in line with previous results (e.g., Ahti and Hökkä 2006; Haahti et al. 2013 ). Due to the small plot size, very high volumes were observed in some plots. This is however also the case in practice if small-scale variation in peat bearing capacity is assessed: there are small locations with very low or very high volume, depending on unevenness of the spatial distribution of trees within the stand.
Despite some inconsistency between observed and predicted WTDs in early and late growing seasons in different sites, the mean WTDs predicted by the model for the measurement dates were close to the observed WTDs. Whether this is adequate accuracy for estimating conditions where a specific site is harvestable cannot be judged here. The results of this study from southern Finland and those of an independent study by Hökkä et al. (2013) from northern Finland both suggest that precipitation and evapotranspiration of the previous month explain much of the variation in WTD and confirm the general importance of these weather parameters in predicting WTD, not just in one specific site. With more representative data in terms of geography and with more observations over growing seasons and over several years, higher variability in the weather parameters could be included in the modelling. That would enable a more detailed analysis and more generally applicable results. Also, more information on peat characteristics, e.g., peat type, degree decomposition, and bulk density could also explain part of the residual variation. However, information on these characteristics presumes additional field work, if it is not possible to obtain information from a data base.
The applied methodology of mixed linear models offers also a possibility to do site-specific predictions. Utilizing the model's random part and a few observations of the response variable (here WTD) the model's prediction can be calibrated into a specific site (Lappi and Bailey 1988) .
The aim of the study was to test the impact of weather parameters on WTD by means of empirical regression analysis, but it was important to include other known effects in the same analysis since they may have direct or interacting effects with weather parameters on the studied response. In general, variables analysed in this study describing weather conditions, stand properties, topography, and drainage are comparable to those used as input in hydrological process models to simulate hydrology of a forest stand, including water table level (Amatya and Skaggs 2001) . However, the level of detail was far more robust and the water processes in soil and vegetation were lacking from this empirical approach. Also the model output was WTD only.
The model developed provides an interesting possibility to predict wetness of peat prior to logging operations without any additional field operations. WTD is known to correlate with the moisture content of the upper peat layers (Heikurainen et al. 1964 ) which, in turn, has shown to correlate with the bearing capacity of peatland forest soil (Amarjan 1972; Uusitalo and AlaIlomäki 2013) .
Forestry is gradually moving towards a situation where Airborne Laser Scanning (ALS) data on growing stock is available in most areas (Kotivuori et al. 2016 ). While at the same time most ditches are also digitized and found in geographical databases and on-line prediction of moisture content for any given point in any given stand is rather easily produced. It is very obvious that managers and operators conducting forest operations on peatlands would benefit greatly from the on-line prediction of moisture content of peat. On-line bearing capacity visualizations could help managers to bring forward or postpone operations based on weather records and provide suggestions as to where logging trails should be placed.
